Abstract: Natural hydroxy fatty acids are relevant starting materials for the production of a number of industrial fine chemicals, such as different high-value flavour ingredients. Only a few of the latter hydroxy acid derivatives are available on a large scale. Therefore, their preparation by microbial hydration of unsaturated fatty acids, affordable from vegetable oils, is a new biotechnological challenge. In this study, we describe the use of the probiotic bacterium Lactobacillus rhamnosus (ATCC 53103) as whole-cell biocatalyst for the hydration of the most common unsaturated octadecanoic acids, namely oleic acid, linoleic acid, and linolenic acid. We discovered that the addition of the latter fatty acids to an anaerobic colture of the latter strain, during the early stage of its exponential growth, allows the production of the corresponding mono-hydroxy derivatives. In these experimental conditions, the hydration reaction proceeds with high regio-and stereoselectivity. Only 10-hydroxy derivatives were formed and the resulting (R)-10-hydroxystearic acid, (S)-(12Z)-10-hydroxy-octadecenoic acid, and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acid were obtained in very high enantiomeric purity (ee > 95%). Although overall conversions usually do not exceed 50% yield, our biotransformation protocol is stereoselective, scalable, and holds preparative significance.
Introduction
Hydroxy fatty acids (HFAs) are important chemicals widely used for a number of applications, such as starting materials for biodegradable polymers, lubricants, emulsifiers, drugs, cosmetic ingredients, and flavours [1] [2] [3] [4] . A very large number of HFAs have been identified in nature, but only a few of them are available in industrially significant amounts. This is the case of ricinoleic acid 1 (12-hydroxy-9-cis-octadecenoic acid) that is commonly used in industry as it is the major fatty acid component of castor oil (Figure 1) . Consequently, the supply of other HFAs is usually achieved by hydration of the unsaturated fatty acids (UFAs), straightforwardly available from natural sources. A large number of different (UFAs), possessing multiple double bonds are components of vegetable oils or fish fats. Therefore, the preparation of many HFAs is possible. Unfortunately, even if this kind of reaction can be efficiently performed by a number of chemical means, the latter processes are usually performed using harsh experimental conditions (strong acid catalysts, high temperatures) that lack of stereochemical control. Thus, complex mixtures of isomers are usually formed. In addition, according to the European and US legislation the obtained HFAs are considered as artificial and are no longer exploitable as starting precursors for the preparation of natural flavours [4] . In this context, the most relevant application involving HFAs is their microbial degradation to lactones. Usually, this process is conveniently performed by means of different yeast strains [5, 6] that use these fatty acids as a carbon source and transform them through many cycles of β-oxidation in the corresponding gamma or delta lactones. The majority of the fatty acid-deriving lactones (C9-C12) are of high interest in F&F industry because are widely used for food flavouring. These compounds are not available by extraction from natural sources, therefore, the only affordable way for their preparation, in natural form, is the biotransformation of natural precursors, such as natural HFAs. Lactones obtained by this way can be labelled as natural and, thus, possess much higher commercial value, with prices ranging from 300 to 3000 €/Kg.
A reliable process based on the microbial transformation of castor oil [6] , secures the production of natural (+)-(R)-gamma-decalactone 2 ( Figure 1 ). On the contrary, there are no affordable natural HFA precursors for other sought-after C12 gamma lactones. In principle, the most straightforward and challenging way for their synthesis is based on the enzymatic hydration of the very common ∆ 9−10 unsaturated fatty acids of type 3, in order to produce the corresponding 10-hydroxy derivatives 4. The hydrolysis of a number of vegetable oils affords this kind of fatty acids, such as oleic acid 3a, linoleic acid 3b, and α-linolenic acid 3c. Therefore, some high-value gamma lactones [7] , for example gamma dodecalactone 5, the structurally-related dodecelactone 6 (dairy lactone), and dodecadienelactone 7 [8] (tuberose lactone) could be prepared following this approach.
The hydration reaction of unsaturated fatty acids was discovered in the early 1960s, during a study on the hydration of oleic acid using a Pseudomonas strain [9, 10] . Afterwards, a number of other microorganisms proved to be able to perform this transformation [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] but the enzymes responsible for the hydration step (oleate hydratases) have been characterized only recently [26] , receiving growing attention both from chemists and biologists [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . It is worth noting that different putative oleate hydratase have been cloned from a number of bacteria strains, but none of them have been used for the industrial synthesis of HFAs. To date, the transformation of natural UFAs in HFAs, at the preparative scale, has been achieved only by means of whole-cell based procedures. These studies take advantage of the high hydratase activity of some specific bacteria, regardless of the biosafety level they belong. Since we are interested in developing a reliable process for the synthesis of HFAs, to be employed as starting materials for the production of natural food flavours, we limited our study to microorganisms belonging to biosafety level 1 and recognized with In this context, the most relevant application involving HFAs is their microbial degradation to lactones. Usually, this process is conveniently performed by means of different yeast strains [5, 6] that use these fatty acids as a carbon source and transform them through many cycles of β-oxidation in the corresponding gamma or delta lactones. The majority of the fatty acid-deriving lactones (C 9 -C 12 ) are of high interest in F&F industry because are widely used for food flavouring. These compounds are not available by extraction from natural sources, therefore, the only affordable way for their preparation, in natural form, is the biotransformation of natural precursors, such as natural HFAs. Lactones obtained by this way can be labelled as natural and, thus, possess much higher commercial value, with prices ranging from 300 to 3000 €/Kg.
A reliable process based on the microbial transformation of castor oil [6] , secures the production of natural (+)-(R)-gamma-decalactone 2 ( Figure 1 ). On the contrary, there are no affordable natural HFA precursors for other sought-after C 12 gamma lactones. In principle, the most straightforward and challenging way for their synthesis is based on the enzymatic hydration of the very common ∆ 9−10 unsaturated fatty acids of type 3, in order to produce the corresponding 10-hydroxy derivatives 4. The hydrolysis of a number of vegetable oils affords this kind of fatty acids, such as oleic acid 3a, linoleic acid 3b, and α-linolenic acid 3c. Therefore, some high-value gamma lactones [7] , for example gamma dodecalactone 5, the structurally-related dodecelactone 6 (dairy lactone), and dodecadienelactone 7 [8] (tuberose lactone) could be prepared following this approach.
The hydration reaction of unsaturated fatty acids was discovered in the early 1960s, during a study on the hydration of oleic acid using a Pseudomonas strain [9, 10] . Afterwards, a number of other microorganisms proved to be able to perform this transformation [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] but the enzymes responsible for the hydration step (oleate hydratases) have been characterized only recently [26] , receiving growing attention both from chemists and biologists [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . It is worth noting that different putative oleate hydratase have been cloned from a number of bacteria strains, but none of them have been used for the industrial synthesis of HFAs. To date, the transformation of natural UFAs in HFAs, at the preparative scale, has been achieved only by means of whole-cell based procedures. These studies take advantage of the high hydratase activity of some specific bacteria, regardless of the biosafety level they belong. Since we are interested in developing a reliable process for the synthesis of HFAs, to be employed as starting materials for the production of natural food flavours, we limited our study to microorganisms belonging to biosafety level 1 and recognized with technological beneficial use in foods [38] .
As different studies have reported the 10-hydratase activity of some Lactobacillus species [2, 21, 22] , namely acidophilus, plantarum, casei, paracasei, lactis, delbrueckii, reuteri, bulgaricus, and rhamnosus LGG, we selected Lactobacillus rhamnosus LGG (ATCC 53103) as the most suitable whole-cell biocatalyst for the above mentioned hydration reaction. Actually, this microorganism has been isolated from the intestinal tract of healthy human beings and is available on the market in lyophilized form since is currently used as a probiotic [39] and has been already employed for whole-cell biotransformation processes [40] . Being regarded as beneficial for human health, the use of the latter strain does not involve any safety concerns and can be employed in industrial processes for food flavour production.
In the present work, we describe the use of this microorganism as a whole-cell biocatalyst for the hydration of the most common unsaturated octadecanoic acids, namely oleic acid, linoleic acid, and linolenic acid. More specifically, we study a preparative procedure for their conversion in the corresponding 10-hydroxy-derivatives. Our studies are also finalized to determine the regio and stereoselectivity of the hydration step. As linoleic and linolenic acids possess two and three double bonds, respectively, the biotransformation can affect up to three position of the fatty acids. Even if only the mono-hydroxy derivatives are formed, the reaction can afford different regioisomers, each ones as R or S enantiomers. This part of the study was performed by GC-MS analysis of the biotransformation mixtures and by NMR analysis of specific derivatives of the isolated hydroxy acids. The results showed that the investigated reaction is completely region-and stereoselective affording (R)-10-hydroxystearic acid, (S)-(12Z)-10-hydroxy-octadecenoic acid, and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acid as sole products.
Results and Discussion
According to the patent literature that described the isolation and the culture conditions of Lactobacillus rhamnosus ATCC 53103 [39] , we have grown the latter strain in anaerobic flasks, at 37 • C and using MSR broth as a medium. Preliminary biotransformation experiments were performed by adding the suitable fatty acid (3 g/L), dissolved in ethanol (<0.5% final concentration), to an active culture of the Lactobacillus. In order to exclude growth variability due to quorum-sensing effect [41] , we used the same bacterial inoculum for each trials (7.5 × 10 7 CFU/mL). The fatty acids were added at once, at different stages of the culture growth and the formation of the corresponding HFAs was detected by TLC analysis. We observed that each one of the three fatty acids markedly inhibited the microbial growth to such an extent that the addition of the UFAs within the first hour after the inoculum allowed obtaining neither a proper bacterial culture nor the wanted HFAs derivatives. Otherwise, when the microorganism is in the stationary phase, the addition of the UFAs produces a minor amount of the corresponding HFAs derivatives.
These observations agree with Hagen's work [26] , in which the expression of the oleate hydratase from Elizabethkingia meningoseptica was induced by the presence of oleic acid. As a consequence, the hydration reaction can be properly achieved adding the fatty acid during the exponential phase of the bacteria growth. In order to establish the best biotransformation conditions, we describe the Lactobacillus rhamnosus ATCC 53103 growth curve by sampling a flask culture, prepared as described above and measuring its optical density (OD 600 ) at regular time interval (Figure 2) .
Combining the latter data with the preliminary results of the flask-based biotransformation experiments, we selected as the most suitable moment for the fatty acids addition the first part of the exponential growth phase (3 h for the flask experiments). Since the microorganism under study produces lactic acid by glucose catabolism, we took advantage of the deriving pH variation to define the exponential phase span. In accord with the main aim of our work, we exploited the data described above in order to scale up the biotransformation.
The process was performed in fermenter, each experiment on a scale superior to one litre and using a fatty acid concentration of 5 g/L. The pH was controlled by dropwise addition of an aqueous solution of either acetic acid or ammonia. The investigated Lactobacillus strain produce a defined amount of lactic acid, directly proportional to the glucose content of the medium. In the experimental conditions described, the ammonia uptake necessary to keep the pH at the fixed value of 6.2 was 11 mmol per gram of glucose. About 2-6 h after the inoculum of the microbial precolture, the fermentation entered its exponential phase of growth as indicated by the start of the automatic addition of the base. After consumption of about one fourth of the initial glucose content, the fatty acid was added at once. In order to allow the maximum hydratase production, the microbial growth was then forced by addition of further glucose as soon as that contained in the medium ran out.
After 48 h since the fatty acid addition, the TLC analysis showed that the hydration reaction did not proceed further. The biotransformation was stopped and both the unreacted UFAs and the HFAs formed were isolated by chromatography. The biotransformation of each one of the three selected UFAs was performed in triplicate and the results obtained are schematically described in Figure 3 . The indicated yields correspond to the average of three different experimental values.
The perusal of the obtained data allows drawing some relevant conclusions. First, the number of the double bonds present on the starting fatty acid has a limited influence on the absolute yields of the obtained HFAs. This value range from 34% for linolenic acid to 45% for linoleic acid whereas oleic acid affords the corresponding HFA in 41% yield. Longer contact times or lower UFA concentrations did not increase the yields. It seems possible that the formed HFAs could act as inhibitors of the hydration reaction itself and, thus, overall yields are the result of the equilibrium of the hydration/dehydration reactions. Otherwise, the yields versus transformed UFAs indicated that the investigated microorganism does not transform the substrates in derivatives different from HFAs, with the exception of oleic acid for which we detected a minor and unspecific partial degradation.
The isolated HFAs were characterized by NMR, ESI-MS and GC-MS analysis. The results confirmed the chemical structures represented in Figure 3 , indicating that Lactobacillus rhamnosus hydrates oleic, linoleic, and linolenic acids to give the corresponding 10-hydroxyderivatives, namely 10-hydroxystearic, (12Z)-10-hydroxy-octadecenoic, and (12Z,15Z)-10-hydroxy-octadecadienoic acids, respectively.
The recorded 1 H-and 13 C-NMR spectra are in very good agreement with those previously reported in the literature [42] for the same HFAs.
Furthermore, the three HFAs were derivatized by means of the sequential treatment with diazomethane followed by acetic anhydride in pyridine. The obtained derivatives 8a-c ( Figure 4 ) appear as sharp, well-resolved peaks by GC-MS analysis, whose electron impact spectrums share in common the ions showing m/z 201 and 169. The latter fragmentation patterns are most likely formed from alpha cleavage with respect to the 10-acetoxy group and, thus, their presence give a strict confirmation of the hydroxy group position on the fatty acid chain. Finally, the GC-MS analysis of each one of the latter derivatives showed the presence of a single peak, confirming that only the 10- In the experimental conditions described, the ammonia uptake necessary to keep the pH at the fixed value of 6.2 was 11 mmol per gram of glucose. About 2-6 h after the inoculum of the microbial precolture, the fermentation entered its exponential phase of growth as indicated by the start of the automatic addition of the base. After consumption of about one fourth of the initial glucose content, the fatty acid was added at once. In order to allow the maximum hydratase production, the microbial growth was then forced by addition of further glucose as soon as that contained in the medium ran out.
After 48 h since the fatty acid addition, the TLC analysis showed that the hydration reaction did not proceed further. The biotransformation was stopped and both the unreacted UFAs and the HFAs formed were isolated by chromatography. The biotransformation of each one of the three selected UFAs was performed in triplicate and the results obtained are schematically described in Figure 3 hydroxy derivatives were formed, regardless of the number (or position) of the other double bonds. The same analytical procedure was repeated using samples of the three crude biotransformation mixtures. The results of the latter analyses cannot be effected by the purification procedures and confirmed again the exclusive presence of the above-described 10-hydroxy derivatives. Another important topic of our work concerns the determination of the stereoselectivity related The perusal of the obtained data allows drawing some relevant conclusions. First, the number of the double bonds present on the starting fatty acid has a limited influence on the absolute yields of the obtained HFAs. This value range from 34% for linolenic acid to 45% for linoleic acid whereas oleic acid affords the corresponding HFA in 41% yield. Longer contact times or lower UFA concentrations did not increase the yields. It seems possible that the formed HFAs could act as inhibitors of the hydration reaction itself and, thus, overall yields are the result of the equilibrium of the hydration/dehydration reactions. Otherwise, the yields versus transformed UFAs indicated that the investigated microorganism does not transform the substrates in derivatives different from HFAs, with the exception of oleic acid for which we detected a minor and unspecific partial degradation.
Furthermore, the three HFAs were derivatized by means of the sequential treatment with diazomethane followed by acetic anhydride in pyridine. The obtained derivatives 8a-c (Figure 4 ) appear as sharp, well-resolved peaks by GC-MS analysis, whose electron impact spectrums share in common the ions showing m/z 201 and 169. The latter fragmentation patterns are most likely formed from alpha cleavage with respect to the 10-acetoxy group and, thus, their presence give a strict confirmation of the hydroxy group position on the fatty acid chain. Finally, the GC-MS analysis of each one of the latter derivatives showed the presence of a single peak, confirming that only the 10-hydroxy derivatives were formed, regardless of the number (or position) of the other double bonds. The same analytical procedure was repeated using samples of the three crude biotransformation mixtures. The results of the latter analyses cannot be effected by the purification procedures and confirmed again the exclusive presence of the above-described 10-hydroxy derivatives. hydroxy derivatives were formed, regardless of the number (or position) of the other double bonds. The same analytical procedure was repeated using samples of the three crude biotransformation mixtures. The results of the latter analyses cannot be effected by the purification procedures and confirmed again the exclusive presence of the above-described 10-hydroxy derivatives. Another important topic of our work concerns the determination of the stereoselectivity related to the hydration reaction. The isolated (12Z)-10-hydroxy-octadecenoic and (12Z,15Z)-10-hydroxyoctadecadienoic acids both showed the negative optical rotation value of −6.4 and −4.7, respectively, corresponding to (S) absolute configuration. Moreover, 10-hydroxystearic acid possesses an optical rotation value almost equal to zero and its configuration is not assignable through the latter measurement. In order to determine the missing assignment and to measure the enantiomeric purity of all three HFAs obtained by Lactobacillus rhamnosus biotransformation, we derivatized them according to the Rosazza procedure [43] (Figure 5 ).
The latter analytical method was developed for ascertaining the stereochemical purity of 10-HSA and is based on the 1 H-NMR analysis of the diastereoisomeric (S)-O-acetylmandelate esters of the corresponding methyl-10-hydroxystearate. The methyl ester signals due to (R) and (S)-10-hydroxystearic acid derivatives gives two well-resolved singlets at 3.66 and 3.67 ppm, respectively, whose relative peak areas indicate the corresponding isomeric ratio. Another important topic of our work concerns the determination of the stereoselectivity related to the hydration reaction. The isolated (12Z)-10-hydroxy-octadecenoic and (12Z,15Z)-10-hydroxyoctadecadienoic acids both showed the negative optical rotation value of −6.4 and −4.7, respectively, corresponding to (S) absolute configuration. Moreover, 10-hydroxystearic acid possesses an optical rotation value almost equal to zero and its configuration is not assignable through the latter measurement. In order to determine the missing assignment and to measure the enantiomeric purity of all three HFAs obtained by Lactobacillus rhamnosus biotransformation, we derivatized them according to the Rosazza procedure [43] (Figure 5 ).
The latter analytical method was developed for ascertaining the stereochemical purity of 10-HSA and is based on the 1 H-NMR analysis of the diastereoisomeric (S)-O-acetylmandelate esters of the corresponding methyl-10-hydroxystearate. The methyl ester signals due to (R) and (S)-10-hydroxystearic acid derivatives gives two well-resolved singlets at 3.66 and 3.67 ppm, respectively, whose relative peak areas indicate the corresponding isomeric ratio. Concerning 10-hydroxystearic acid, we used as a reference standard a (R)-10-hydroxystearic acid sample having 21% ee, obtained by baker's yeast-mediated oleic acid hydration [25] . Accordingly, both the 10-HSA obtained by biotransformation and the above-mentioned (R)-standard were treated with diazomethane and then converted in the corresponding (S)-O-acetylmandelate esters 10a. The 1 H-NMR analysis ( Figure 6 ) of these two derivatives showed the presence of a 61:39 mixture of (R,S)-10a and (S,S)-10a for the reference standard (sample a) and a 98:2 mixture of (R,S)-10a and (S,S)-10a for the sample of 10-HSA produced by means of Lactobacillus rhamnosus (sample b). This experiment attests unambiguously that the latter microorganism hydrates oleic acid with complete regio and stereospecificity affording (R)-10-hydroxystearic acid with ee > 95%.
In order to obtain reference standard samples of racemic hydroxy acids 4b and 4c, we oxidized the corresponding (S)-enantiomers obtained by biotransformation. The obtained ketones were then reduced to racemic alcohols. As the intermediate ketones are β,γ-unsaturated, to avoid isomerization, the oxidation was performed at −70 °C, using Swern conditions [44] . The ketones were not purified and were immediately reduced using NaBH4 in methanol.
Again, both the 10-hydroxy acids obtained by the biotransformation procedures and the abovementioned racemic standards were treated with diazomethane and then converted in the corresponding (S)-O-acetylmandelate esters. Esters 10b and 10c were prepared using racemic 4b and 4c, respectively. The 1 H-NMR analysis of these two esters showed that the hydrogens linked to the carbon bearing the acetoxy group give two well-resolved singlets at 5.890 and 5.878 ppm (Figure 6 , sample c and sample e). The (S)-O-acetylmandelate esters of (S)-(12Z)-10-hydroxy-octadecenoic and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acid methyl esters are responsible for the signals at 5.878 ppm. As a consequence, comparing the relative peak areas measured for the diastereoisomeric compounds (S,S)-10b/(R,S)-10b and (S,S)-10c/(R,S)-10c we determined the enantiomeric purity of (S)-(12Z)-10-hydroxy-octadecenoic and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acids. Concerning 10-hydroxystearic acid, we used as a reference standard a (R)-10-hydroxystearic acid sample having 21% ee, obtained by baker's yeast-mediated oleic acid hydration [25] . Accordingly, both the 10-HSA obtained by biotransformation and the above-mentioned (R)-standard were treated with diazomethane and then converted in the corresponding (S)-O-acetylmandelate esters 10a. The 1 H-NMR analysis ( Figure 6 ) of these two derivatives showed the presence of a 61:39 mixture of (R,S)-10a and (S,S)-10a for the reference standard (sample a) and a 98:2 mixture of (R,S)-10a and (S,S)-10a for the sample of 10-HSA produced by means of Lactobacillus rhamnosus (sample b). This experiment attests unambiguously that the latter microorganism hydrates oleic acid with complete regio and stereospecificity affording (R)-10-hydroxystearic acid with ee > 95%.
In order to obtain reference standard samples of racemic hydroxy acids 4b and 4c, we oxidized the corresponding (S)-enantiomers obtained by biotransformation. The obtained ketones were then reduced to racemic alcohols. As the intermediate ketones are β,γ-unsaturated, to avoid isomerization, the oxidation was performed at −70 • C, using Swern conditions [44] . The ketones were not purified and were immediately reduced using NaBH 4 in methanol.
Again, both the 10-hydroxy acids obtained by the biotransformation procedures and the above-mentioned racemic standards were treated with diazomethane and then converted in the corresponding (S)-O-acetylmandelate esters. Esters 10b and 10c were prepared using racemic 4b and 4c, respectively. The 1 H-NMR analysis of these two esters showed that the hydrogens linked to the carbon bearing the acetoxy group give two well-resolved singlets at 5.890 and 5.878 ppm (Figure 6 , sample c and sample e). The (S)-O-acetylmandelate esters of (S)-(12Z)-10-hydroxy-octadecenoic and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acid methyl esters are responsible for the signals at 5.878 ppm. As a consequence, comparing the relative peak areas measured for the diastereoisomeric compounds (S,S)-10b/(R,S)-10b and (S,S)-10c/(R,S)-10c we determined the enantiomeric purity of (S)-(12Z)-10-hydroxy-octadecenoic and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acids. (a) ester 10a prepared using (R)-4a having 21% ee; (b) ester 10a prepared using 4a obtained by hydration of oleic acid; (c) ester 10b prepared using racemic 4b; (d) ester 10b prepared using 4b obtained by the hydration of linoleic acid; (e) ester 10c prepared using racemic 4c; and (f) ester 10c prepared using 4c obtained by the hydration of linolenic acid.
Accordingly, ester 10b, prepared using 4b obtained by the hydration of linoleic acid (sample d) and ester 10c, prepared using 4c obtained by the hydration of linolenic acid (sample f) showed a diastereoisomeric ratio of about 98:2, again corresponding to an enantiomeric excess >95% for both above mentioned HFAs.
It is worth noting that the studied Lactobacillus strain hydrates the three UFAs with identical stereoselectivity. The descriptor switch from (R) form of hydroxystearic acid to the (S) form of (12Z)-10-hydroxy-octadecenoic and (12Z,15Z)-10-hydroxy-octadecadienoic acid is due only to a change of substituent priority, according to the Cahn-Ingold-Prelog rules. Most likely, the oleate hydratase(s) produced by Lactobacillus rhamnosus accepts as substrates different unsaturated fatty acids, which must have a (Z) ∆ 9-10 double bond as the sole mandatory requirement. The latter catalyst(s) works with very high regio and stereoselectivity regardless of the presence of other double bonds on the fatty acid chain.
This wide substrates acceptance doesn't imply that the studied microorganism can transform the three selected fatty acid with the same kinetic ratio. Even though the substrates were hydrated with high selectivity, the microbial hydratase(s) could possess different affinity for each one of the acids that, in turn, could show different reactions kinetic. (samples b, d, f) . Samples description: (a) ester 10a prepared using (R)-4a having 21% ee; (b) ester 10a prepared using 4a obtained by hydration of oleic acid; (c) ester 10b prepared using racemic 4b; (d) ester 10b prepared using 4b obtained by the hydration of linoleic acid; (e) ester 10c prepared using racemic 4c; and (f) ester 10c prepared using 4c obtained by the hydration of linolenic acid. Accordingly, ester 10b, prepared using 4b obtained by the hydration of linoleic acid (sample d) and ester 10c, prepared using 4c obtained by the hydration of linolenic acid (sample f) showed a diastereoisomeric ratio of about 98:2, again corresponding to an enantiomeric excess >95% for both above mentioned HFAs.
This wide substrates acceptance doesn't imply that the studied microorganism can transform the three selected fatty acid with the same kinetic ratio. Even though the substrates were hydrated with high selectivity, the microbial hydratase(s) could possess different affinity for each one of the acids that, in turn, could show different reactions kinetic.
In order to investigate this point, we set up two experiments based on the biotransformation of the mixture of the three acids. Accordingly, we added a 1:1:1 mixture of oleic/linoleic/linolenic acids to an anaerobic culture of Lactobacillus rhamnosus. The overall acids concentration was set at 6 g/L and the experiments were performed in triplicate using both the flask-and fermenter-based procedures. The biotransformations were stopped after 48 h and the crude products were derivatized and then analysed by GC-MS, in order to measure the HFAs relative compositions. Regardless of the transformation yields, all the experiments showed that 10-hydroxystearic acid was the most abundant HFA. Flask-based biotransformations afforded 4a/4b/4c in a 59/17/24 ratio, whereas fermenter-based biotransformations gave 4a/4b/4c in a 71/15/14 ratio. Overall, it seems that Lactobacillus rhamnosus can hydrate oleic acid faster than linoleic and linolenic acids. This could be due either to the presence of different hydratases or to the specific activity of a single hydratase towards each one of the UFAs used in this study, thus justifying the different product ratios. In spite of this fact, yields are not related to this aspect, as demonstrated by the fact that for large-scale biotransformation experiments, the hydration of linoleic acid affords hydroxy acid 4b in yields higher than those obtained for the hydration of oleic or linolenic acid.
Materials and Methods

Materials and General Methods
All air-and moisture-sensitive reactions were carried out using dry solvents and under a static atmosphere of nitrogen. All solvents and reagents were of commercial quality.
Oleic acid (94%, lot. MKBZ2615V), linoleic acid (99%, lot. SLBT2627), linolenic acid (68%, lot. 310689/1), MRS broth, sodium thioglycolate, resazurin sodium salt, and glucose were purchased from Sigma-Aldrich (St. Louis, MO, USA). Linolenic acid (85% purity, lot. 81003) was purchased from Nissan-Nippon Oil and Fats Co. (Tokyo, Japan), LTD. (S)-O-acetyl mandelic acid was prepared starting from (S)-mandelic acid and using acetic anhydride, pyridine and cat. DMAP, as described previously [45] .
A reference standard sample of 10-(R)-hydroxystearic acid, showing 21% ee, was prepared by baker's yeast-mediated hydration of oleic acid, according to the biotransformation procedure described in our previous work [25] .
Reference standard samples of racemic (12Z)-10-hydroxy-octadecenoic acid and (12Z,15Z)-10-hydroxy-octadecadienoic acid were prepared starting from the corresponding (S) enantiomers obtained by biotransformation. The process is based on the following two steps chemical transformation.
A solution of dry DMSO (0.5 mL, 7 mmol) in CH 2 Cl 2 (3 mL) was added dropwise to a stirred solution of oxalyl chloride (0.3 mL, 3.5 mmol) in CH 2 Cl 2 (7 mL) at −70 • C. After ten minutes, a sample of enantio-enriched (12Z)-10-hydroxy-octadecenoic acid (4b) or (12Z,15Z)-10-hydroxy-octadecadienoic acid (4c) (300 mg, 1 mmol) in CH 2 Cl 2 (2 mL) was added dropwise. After a further 15 min, dry Et 3 N (2 mL, 14.3 mmol) was added and the resulting mixture was allowed to warm to room temperature. The reaction was then poured into ice-cooled water and was extracted twice with CH 2 Cl 2 (50 mL × 2). The combined organic phases was washed with brine and concentrated under reduced pressure. The residue was dissolved in methanol (30 mL) and was treated at 0 • C with NaBH 4 (100 mg, 2.6 mmol) under stirring. After complete reduction of the ketone (TLC analysis), the reaction was quenched by addition of diluted HCl aq. (3% w/w, 40 mL) followed by extraction with CH 2 Cl 2 (50 mL × 2). The combined organic phases was washed with brine and concentrated under reduced pressure. The residue was purified by chromatography using n-hexane/AcOEt (9:1-7:3) as eluent to afford the racemic hydroxy acid derivatives 4b or 4c (195-230 mg, 65-77% yield).
Analytical Methods and Characterization of the Products Deriving from the Biotransformation Experiments
1 H-and 13 C-NMR Spectra and DEPT experiments: CDCl 3 solutions at RT using a Bruker-AC-400 spectrometer (Billerica, MA, USA) at 400, 100, and 100 MHz, respectively; 13 C spectra are proton decoupled; chemical shifts in ppm relative to internal SiMe 4 (=0 ppm).
TLC: Merck silica gel 60 F 254 plates (Merck Millipore, Milan, Italy). Column chromatography: silica gel.
Melting points were measured on a Reichert apparatus, equipped with a Reichert microscope, and are uncorrected.
Optical rotations were measured on a Jasco-DIP-181 digital polarimeter (Tokyo, Japan). Optical density value were measured on a Jasco V-560 UV-VIS spectrophotomer (Tokyo, Japan) at a wavelength of 600 nm.
Mass spectra were recorded on a Bruker ESQUIRE 3000 PLUS spectrometer (ESI detector) (Billerica, MA, USA) or by GC-MS analyses.
GC-MS analyses: A HP-6890 gas chromatograph equipped with a 5973 mass detector, using a HP-5MS column ( The biotransformations of oleic acid, linoleic acid, and linolenic acid to give 10-hydroxystearic acid, (12Z)-10-hydroxy-octadecenoic acid, and (12Z,15Z)-10-hydroxy-octadecadienoic acid, respectively, were monitored by means of GC-MS analysis. To this end the biotransformation mixture was acidified at pH 3 and filtered on celite. The aqueous phase was then extracted three times with ethyl acetate and the combined organic layer was washed with brine and dried on Na 2 SO 4 . The solvent was then removed under reduced pressure and the residue was treated at 0 • C with an excess of an ethereal solution of freshly-prepared diazomethane. As soon as the evolution of nitrogen ceased, the solvent was eliminated and the residue was treated at RT with a 1:1 mixture of pyridine/acetic anhydride (4 mL for about 100 mg of residue) and DMAP (10 mg). After five hours, the excess of reagents was removed in vacuo and the residue was analysed by GC-MS in order to determine the fatty acid/hydrated fatty acid ratio. The enantiomeric composition of the isolated 10-hydroxystearic acid, (12Z)-10-hydroxyoctadecenoic acid, and (12Z,15Z)-10-hydroxy-octadecadienoic acid samples obtained from the biotransformation experiments was determined by 1 H-NMR analysis, according to the Rosazza procedure [43] . Hence, each one of the hydroxy acid samples (100 mg, 0.33 mmol) was treated with an excess of an ethereal solution of freshly-prepared diazomethane. As soon as the evolution of nitrogen ceased, the solvent was eliminated and the resulting methyl ester was dissolved in dry CH 2 Cl 2 (5 mL) treated with (S)-O-acetylmandelic acid 9 (130 mg, 0.67 mmol), DCC (140 mg, 0.68 mmol) and DMAP (10 mg), stirring at RT for 6 h. The reaction was then quenched by the addition of water and diethyl ether (60 mL). The formed dicyclohexylurea was removed by filtration on celite and the organic phase was washed with aq. NaHCO 3 , brine and dried on Na 2 SO 4. The solvent was then removed under reduced pressure and the residue was roughly purified by chromatography, collecting every fraction containing the fatty acid mandelates.
Biotransformation Experiments
Lactobacillus rhamnosus (ATCC 53103), in lyophilized form, was purchased from Malesci Spa (Florence, Italy) (trade name Kaleidon 60). The microorganism was grown anaerobically at 37 • C, under a nitrogen atmosphere. The biotransformation experiments were performed either in flasks or in a 5 L fermenter (Biostat A BB-8822000, Sartorius-Stedim (Göttingen, Germany)) using MRS broth as the medium. Unless otherwise stated, all the biotransformation experiments were carried out in triplicate.
Representative Procedure for Flask-Scale Biotransformations
The anaerobic flasks were prepared loading 40 mL of MRS broth in 100 mL conical vacuum flasks followed by the addition of cysteine (20 mg), sodium thioglycolate (40 mg) and resazurine sodium salt (1 mg). The flasks were flushed with nitrogen until complete removal of the oxygen content, then were sealed with a silicone rubber septa and sterilized (121 • C, 15 min.). Each flask was inoculated via syringe with lyophilized Lactobacillus rhamnosus (3 × 10 9 CFU, suspended in 2 mL of sterilized skimmed milk) and was incubated at 37 • C and at 130 rpm.
A solution of the fatty acid (120 mg) in ethanol (0.15 mL) and 2 mL of a sterilized solution of glucose (300 g/L) in water were added to each flask after 3.5 and 6 h since the inoculum, respectively. After 48 h the reaction mixtures were acidified at pH 3 by addition of diluted HCl and then filtered on celite. The aqueous phases are then extracted three times with ethyl acetate and the combined organic layers were washed with brine, dried on Na 2 SO 4 and the solvent was removed under reduced pressure. The crude biotransformation mixtures were derivatized and analysed by GC-MS as described above (Section 3.2).
Representative Procedure for Preparative Biotransformations
Two anaerobic flasks, containing 40 mL of MRS broth and prepared as described above, were inoculated with Lactobacillus rhamnosus (3 × 10 9 CFU for each flask) and then incubated at 37 • C and 130 rpm for 6 h. The cultures were centrifuged at 3220× g for 3 min (4 • C), the supernatant removed and the cells were resuspended in 4 mL of sterilized skimmed milk. The obtained suspension was added to a fermenter vessel containing nitrogen flushed MRS broth (1 L). The temperature, the stirring speed, and the pH were set to 37 • C, 170 rpm and 6.2, respectively. The pH was controlled by dropwise addition of sterilized aqueous solutions (10% w/w in water) of either acetic acid or ammonia. About 2-4 h since the inoculum, the fermentation showed an exponential phase of growth as indicated by starting of the continuous addition of base, necessary to neutralize the lactic acid produced by the glucose bacterial catabolism. As soon as 60 mmol (6 h) and 220 mmol (10 h) of ammonia were supplemented, the solution of the suitable fatty acid (5 g) in ethanol (5 mL) and then 65 mL of a sterilized solution of glucose (300 g/L) in water were added at once. The fermentation was stopped 48 h since the inoculum. At that time the reaction mixture was acidified at pH 3 by addition of diluted HCl and then filtered on celite. The aqueous phase was then extracted three times with ethyl acetate and the combined organic layers were washed with brine, dried on Na 2 SO 4 , and the solvent was removed under reduced pressure. The residue was purified by chromatography using n-hexane/AcOEt (9:1-7:3) as the eluent to afford unreacted fatty acid (first eluted fractions) followed by hydroxy acid derivative.
The general preparative procedure was performed using oleic acid as substrate. The resulting crude biotransformation mixture showed a unreacted oleic acid/10-hydroxystearic acid ratio of 2:3 (by GC-MS analysis). The chromatographic purification allowed isolating 1.5 g of unreacted oleic acid and 2.2 g of 10-hydroxystearic acid (colorless crystal; 41% yield; 59% yield versus transformed oleic acid). A sample of the obtained 10-hydroxystearic acid was transformed in the corresponding (S)-O-acetylmandelate ester, whose NMR analysis confirmed that the hydroxy acid is the (R)-enantiomer possessing ee > 95%. The general preparative procedure was performed using linoleic acid as substrate. The resulting crude biotransformation mixture showed a unreacted linoleic acid/(12Z)-10-hydroxy-octadecenoic acid ratio of 1:1 (by GC-MS analysis). The chromatographic purification allowed isolating 2 g of unreacted linoleic acid and 2.4 g of (12Z)-10-hydroxy-octadecenoic acid (pale yellow oil; 45% yield; 75% yield versus transformed linoleic acid). A sample of the obtained 10-hydroxy-octadecenoic acid was transformed in the corresponding (S)-O-acetylmandelate ester, whose NMR analysis indicated that the hydroxy acid possessed ee > 95%. The absolute configuration was established as (S) by measurement of its optical rotation value. The general preparative procedure was performed using linolenic acid as a substrate. The resulting crude biotransformation mixture showed a unreacted linolenic acid/(12Z,15Z)-10-hydroxyoctadecadienoic acid ratio of 2:1 (by GC-MS analysis). The chromatographic purification allowed isolating 2.9 g of unreacted linolenic acid and 1.8 g of (12Z,15Z)-10-hydroxy-octadecadienoic acid (pale yellow oil; 34% yield; 80% yield versus transformed linolenic acid). A sample of the obtained 10-hydroxy-octadecadienoic acid was transformed in the corresponding (S)-O-acetylmandelate ester, whose NMR analysis indicated that the hydroxy-acid possessed ee > 95%. The absolute configuration was established as (S) by measurement of its optical rotation value. 
Conclusions
The probiotic bacterium Lactobacillus rhamnosus (ATCC 53103) can be used as a whole-cell biocatalyst for the hydration of oleic acid, linoleic acid, and linolenic acid to produce (R)-10-hydroxystearic acid, (S)-(12Z)-10-hydroxy-octadecenoic acid, and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acid, respectively. We developed a biotransformation protocol that holds preparative significance because it is scalable and allows obtaining the above-mentioned HFAs with high regioand stereoselectivity (ee > 95%). Finally, the used bacteria strain does not involve any safety concerns and the proposed process can be employed for the industrial production of food flavour.
